The authors aimed to elucidate the relation of the time-dependent smoking history parameters-age at smoking initiation and smoking intensity, duration, and latency-to the risk of Warthin's tumor, a benign tumor of the salivary gland for which cigarette smoking is a strong risk factor. They studied 117 cases of Warthin's tumor and 336 matched controls included in an Israeli nationwide case-control study of parotid gland tumors conducted from 2002 to 2003 by using the Cox regression model with time-dependent covariates, with age as the time axis. When current age and smoking duration were included in the statistical model, the authors show that the coefficient of a latency variable does not represent latency as such, but a balancing of the effects of age at initiation and time since cessation. They found a strong positive linear effect of duration of smoking, together with a positive nonlinear effect of intensity that levels off at higher intensities, and a negative effect of latency from 25 years onward. The latter finding implies that the effect of time since cessation dominates the effect of age at initiation, with risk decreasing sharply after smoking cessation. The relation of smoking variables to Warthin's tumor agrees with the patterns reported for lung cancer.
Warthin's tumor (adenolymphoma) is the second most common benign tumor of the salivary glands after pleomorphic adenomas. It occurs only rarely outside the parotid gland. Exact estimates of its incidence are difficult to obtain because, as a benign tumor, it is not routinely reported to population-based cancer registries. Pinkston and Cole (1) report the incidence among whites in Jefferson County, Alabama, as 1.8 per 100,000 per annum in 1979-1980, rising to 3.0 per 100,000 per annum in 1987-1988. Poulsen et al. (2) report an incidence of 1.6 per 100,000 per annum in the county of Funen in Denmark in [1978] [1979] [1980] [1981] [1982] , and a later report on the same county (3) cites an incidence rate of 2.1 per 100,000 per annum over the period [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] .
Although tobacco has not been classified as a carcinogen for salivary gland tumors in general (4) , specific studies have identified cigarette smoking as a risk factor in the etiology of Warthin's tumor. Pinkston and Cole (1) , in a study with 149 cases, estimated a relative risk of 7.6 (95% confidence interval (CI): 3.2, 18.3) in smokers versus nonsmokers among men and a relative risk of 17.4 (95% CI: 6.5, 54.7) among women. Other studies of patients with Warthin's tumor have described similarly high relative risks (5, 6) or very high percentages of smokers (78%-98%), in comparison with patients having other major salivary gland tumors (7) (8) (9) . These studies have been characterized by relatively limited statistical analysis, so there is little information regarding the variation in risk according to smoking history, including length of smoking, number of cigarettes smoked, age at initiation, and time since cessation.
Recently, Sadetzki et al. (10) , in a case-control study of parotid gland tumors in Israel that included 117 patients with Warthin's tumor, reported a high relative risk of 18.7 between ever and never smokers, as well as the associations with age at smoking initiation and the intensity of smoking, duration, and latency. In this paper, we apply statistical modeling to these data to elucidate the relation of these time-dependent smoking history parameters to the risk of Warthin's tumor.
MATERIALS AND METHODS
The nationwide case-control study reported by Sadetzki et al. (10) was based on the core protocol of a series of international case-control studies in 16 centers (Interphone Project) on the relation between cell-phone use and glioma, meningioma, acoustic neuroma, and parotid gland tumors. Most of these studies included only malignant parotid gland tumors, but the Israeli study also included incident cases of all benign parotid gland tumors, including Warthin's tumor. All participants signed a written, informed consent form before entering the study. The study was approved by the ethics committees of all hospitals and by the Clinical Trial Unit in the Pharmaceutical Department of the Israeli Ministry of Health.
The study included Jewish individuals resident in Israel aged 18 years or more, with histologically or cytologically confirmed benign or malignant parotid gland tumors diagnosed during [2001] [2002] [2003] . Patients were identified via periodic reviews of reports at all 22 otolaryngology departments in Israel. All cases were interviewed at a location convenient for them (mostly at home). The date of diagnosis was defined as the first date of cytology or imaging that showed suspicion of a tumor and was used as the reference date. During the study period, 531 eligible cases were identified (69 malignant and 462 benign), and 460 (87%) agreed to participate, 11% refused, and 2% could not be traced. Of these participants, 117 had Warthin's tumor. The youngest case with Warthin's tumor was diagnosed at 31 years.
Controls for the full study were selected randomly from the National Population Registry and individually matched to the original case by gender, age (65 years), and place of birth (groups of countries). It is mandated by law that this Registry includes every Israeli citizen with his/her basic demographic information. In total, 1,920 controls were identified, of whom 66% were interviewed, 24% refused, and 10% could not be traced. We assigned post hoc up to 7 controls to each case of parotid gland tumor, matched on gender, age (63 years), continent of birth, and interview date (preferably 61 year). The 117 patients with Warthin's tumor were matched to 336 controls. Our analysis is based on these 453 individuals.
Data were obtained through personal interview by using a computerized questionnaire developed for the Interphone Project. Cigarette smoking information included age at initiation, average number of cigarettes smoked per day, current smoking status, if stopped at what age, and the total length of any interim periods of cessation (Table 1) .
With regard to statistical analysis, our main statistical approach was to adapt the Cox regression model (11) with time-varying covariates to case-control data (12) (13) (14) , reconstructing smoking histories for each individual and analyzing the data as if gathered prospectively. Logistic regression, the standard method for analyzing case-control data, does not directly model the variation over time seen in lifetime histories, such as smoking habits, whereas Cox regression does. The time axis for the regression was age, from age 30 years onward (the youngest case was 31 years of age). This ensured that the effects of all risk factors, as measured by the hazard ratio, were adjusted for current age. We took cases as having an event at the age of their diagnosis. We treated controls as being censored at the age of diagnosis of their matched case, or at their own age at interview, whichever was earlier (mostly, the case's age at diagnosis). To allow for the retrospective nature of the study, we included in the risk set at each age only the case(s) diagnosed at that age together with the controls not censored before that age. We did not include in the risk set other cases diagnosed at a later age. This approach relies on assuming that the disease is rare, which is reasonable for Warthin's tumor.
In each Cox model, we set smoking-related variables to be time varying and updated their values for each age's risk set. For example, if a control individual started smoking at age 17 years, smoked an average of 15 cigarettes per day (called the smoking intensity) for 25 years, quit smoking at age 42 years, and was then censored at 63 years, we set the variable, duration of smoking, equal to 18 years at age 35 years, 25 years at age 45 years, and 25 years at age 55 years, whereas the control was not included in the risk set at age 65 years. Similarly, for this individual, we set latency to 18 years at age 35 years, 28 years at age 45 years, and 38 years at age 55 years.
To model and test for the nonlinear effects of a smoking variable, we used restricted cubic splines (15) with 3 knots (Table 4) . These splines form a family of smooth polynomial curves, including a wide variety of shapes, but do not require very large data sets for their use.
An important feature of analyzing smoking-related variables with the Cox model is the collinearity among certain variables of interest. Using age as the time axis essentially fixes current age. Thus, one cannot disentangle age at initiation of smoking from latency (defined as the time from initiation to current age), because the value of one variable determines the value of the other. Similarly, one cannot disentangle the triad-duration of smoking, latency, and time since cessation-in data sets, such as ours, where a lengthy period of cessation followed by renewed smoking is uncommon. Only 24% of smokers reported any period of interruption in smoking, and in only 9% was that period longer than 3 years. The resulting collinearity demands that one of the variables in the triad be omitted from the model and requires careful interpretation of the meaning of the coefficients of the remaining variables. For this reason, we chose to examine models involving only duration, latency, and intensity of smoking, although, as explained in the Results, such models implicitly involve consideration of the effects of age at initiation and time since cessation. Similar issues of collinearity between different aspects of smoking history occur in the usual modeling of case-control studies, whenever age is included as a confounding variable in unconditional logistic regression or as a matching variable in conditional logistic regression. All our models included the matching variables-place of birth (Israel, Europe/America, Asia, Africa) and sex. The other matching variable-age-is controlled through its choice as the time axis for the Cox model. We did not stratify the analysis by matched set, because the matching variables were included in the model.
We estimated the standard errors of regression coefficients using a robust variance approach suitable for our choice of risk sets (16) . We compared the goodness of fit of different models by using the Akaike Information Criterion (AIC) that is equal to the following:
3 number of estimated parameters:
The lower the AIC, the better is the fit. Because the AIC is based on the model variance, not the robust variance, we also checked the statistical significance of terms in the final model using Wald's test based on the robust variance. All calculations were performed in S-PLUS software (Insightful Corporation, Seattle, Washington). Table 2 displays the distributions of the demographic variables. Age and place of birth are well balanced between cases and controls, but there is a larger proportion of women among the controls (44%) than among the cases (29%). This occurred because the number of controls per case was greater for women than for men and resulted from the relatively large proportion of controls chosen to match with meningioma cases in the main study and the female preponderance in meningioma cases. Table 3 shows the distributions of the smoking variables and the associated odds ratios (estimated from univariate conditional logistic regression by using matched casecontrol sets) for Warthin's tumor, as reported by Sadetzki et al. (10) . The proportion of patients with Warthin's tumor who reported having smoked cigarettes was 94% compared with 52% of the controls (odds ratio (OR) ¼ 19, 95% CI: 6.7, 52). The odds ratio appeared much higher among current (OR ¼ 37) than past (OR ¼ 4.1) smokers. The odds ratio appeared smaller when age at smoking initiation was greater than 30 years; an increasing risk was seen with duration of smoking, intensity, and pack-years. The odds ratio increased with latency up to 30 years but appeared to plateau thereafter.
RESULTS
Using Cox regression, we first investigated the linearity of the log hazard ratios for duration, latency, and intensity of smoking. Taking each of these variables at a time while controlling for place of birth and sex, we studied models with a linear increase compared with a restricted cubic spline. Nonlinear relations were found for smoking intensity Table 3 , which increase in a smooth multiplicative manner with duration, but not with intensity or latency.
We next investigated combinations of duration (linear), latency (spline), and intensity (spline). Table 4 shows the regression coefficients, their standard errors (robust method), and the AICs of these models. From Wald tests, it was clear that all 3 variables contributed to explaining the risk of Warthin's tumor. We therefore regarded this as our final model and examined the results thereof more carefully.
As shown in Table 4 , each spline comprises a coefficient for the linear term and for the nonlinear term. For both smoking intensity and latency, the nonlinear term coefficient is negative. The estimated spline curves are shown in Figure 1 .
With regard to intensity, the negative coefficient for the nonlinear term indicates a less rapid increase in log hazard with increasing number of cigarettes, as already seen in Table 3 . The main multiplicative increase in hazard appears to occur between zero and 20 cigarettes per day, with a gradual leveling off at higher intensities.
With regard to latency, the negative coefficient is large enough to indicate that there is little change in risk up to a latency of about 25 years and that there is a marked decrease in risk from 25 years onward (Figure 1 ). In fact, because few Warthin's tumor diagnoses are seen at less than 20 years' latency, the portion of the curve from 20 years onward is the more important. At first sight, the decreasing risk from 25 years onward appears counterintuitive. However, it is important to remember that, in this model, we are estimating the latency effect when both current age and duration of smoking are fixed. With current age fixed, latency changes in parallel with the age at initiation of smoking. For example, someone aged 60 years who has a latency of 45 years must have started smoking at 15 years, whereas someone of the same age who has a latency of 40 years must have started smoking at 20 years. Consider now the meaning of latency when, in addition, the duration of smoking is fixed. Suppose in the above example that the person aged 60 years had smoked for 40 years. If the latency is 45 years, then this person must have quit smoking 5 years ago, assuming no interim period in which he/she stopped and started again. However, if the latency is 40 years, then the person must be a current smoker. Thus, in the presence of the duration variable in the Cox model, latency has a complex meaning, being a combination of the effect of age at initiation and time since cessation. In summary, increasing latency with fixed age and smoking duration represents a combination of earlier initiation of smoking and earlier cessation. The downturn in the latency spline indicates that, at some point, the effect of earlier cessation begins to dominate the effect of earlier initiation.
To understand the results more clearly, we postulated 4 individuals with different smoking histories and plotted their log hazard ratios for Warthin's tumor with age, relative to a nonsmoker, as predicted from our final model ( Figure 2 ). All individuals start smoking at age 20 years. Two smoke 20 cigarettes per day, one stopping at age 40 years and the other continuing to age 70 years. The other two smoke 5 cigarettes per day, one stopping at age 40 years and the other continuing to age 70 years. For the 2 individuals who continue smoking, the hazard ratio is predicted to continue to rise until age 50 years and thereafter to remain approximately constant. For the 2 individuals who stop smoking, the hazard ratios are predicted to drop quite sharply following cessation. For example, in the individual who previously smoked 20 cigarettes per day, the hazard ratio compared with that of a nonsmoker declines from approximately 60 at the time of quitting (age 40 years) to 30 at age 50 years, to 12 at age 60 years, and to 3 at age 70 years. In the case of the individual who smokes 5 cigarettes per day, the risk is predicted to return to the level of a nonsmoker by age 70 years.
DISCUSSION
In this paper, we have applied the Cox proportional hazards model with time-dependent covariates to case-control data for investigating the relation between smoking history and Warthin's tumor risk. We have demonstrated that, when current age and duration of smoking are included in the statistical model, implicitly or explicitly, the coefficient of a latency variable does not represent latency as such but a combination of the effects of earlier age at initiation and longer time since cessation. A nonzero coefficient for latency tells us that at least one of the factors-age at initiation and time since cessation-affects disease, but the 2 separate effects cannot be identified. However, the 2 effects are expected to work in opposite directions: Earlier initiation is expected to increase risk, but a longer time since cessation is expected to decrease risk. The inverse association with latency seen from our data therefore argues that the inverse effect of time since cessation dominates any direct 
, with the function ðx À tÞ þ defined as zero when x < t and as x À t when x ! t. The values of the 3 knots t 1 ; t 2 ; t 3 were prespecified as the 10th, 50th, and 90th percentiles of x, the default option in S-PLUS statistical software (Insightful Corporation, Seattle, Washington). The ''linear'' column in the table is the estimate of b 1 , and the ''nonlinear'' column is the estimate of b 2 .
effect of earlier initiation. In general, great caution is needed in interpreting coefficients in models that include the interrelated variables-age at first exposure, duration of exposure, time since first exposure, time since last exposure, and current age.
Our study includes a larger number of cases (n ¼ 117) of Warthin's tumor than most other studies of this disease. However, the number is still limited, with only 7 nonsmokers who developed Warthin's tumor, and our estimated relative risks carry correspondingly wide confidence intervals. Nonetheless, the large estimated relative risks are highly statistically significant and justify the more complex analyses performed.
The study lacks a very detailed smoking history ( Table 1 ). The main focus was on cell-phone use, and lengthy questioning on smoking would have caused overdue burden on the participant with resultant deterioration in the quality of data. However, the similarity of our results to findings for lung cancer (see below) based on more detailed questionnaires indicates that the main smoking information was retained. Other strengths and limitations of the study are discussed by Sadetzki et al. (10) .
Leffondré et al. also applied the Cox proportional hazards model with time-dependent covariates to a case-control data study of smoking and lung cancer, stating that the usual logistic regression ''cannot directly account for . . . lifetime exposures, such as smoking habits'' (14, p. 814). This seems reasonable, but we asked ourselves, ''Would we have obtained the same results from logistic regression as from Cox regression?'' We therefore conducted unconditional logistic regression with the same explanatory variables as in our final Cox regression model, plus age at diagnosis/interview. The results with respect to the smoking variables were similar to those shown in the final model of Table 4 . This finding may be related to the limitations of our data. Participants provided an average intensity of smoking, and we assumed no variation in intensity over time. Limited information was available on interim periods of smoking cessation, and a minority of smokers reported such periods. We hypothesize that, when smoking intensity is constant and there are no periods of abstinence, the Cox model and logistic regression lead to similar results and that only when smoking histories become more detailed and complex will the 2 methods yield substantially different results, but this matter requires more detailed study.
We also reasoned, as others (e.g., Barlow et al. (16) ), that Cox regression would yield estimated coefficients with smaller standard errors than logistic regression, because in Cox regression, older controls may be compared directly with younger cases. However, we found in our case that the differences in standard errors were small. Thus, we suggest that, when the smoking data in a case-control study are similarly limited, investigators may use usual logistic regression without losing important information.
We found a nonlinear relation between log hazard ratio and intensity of smoking, that is, a nonmultiplicative relation between risk and intensity. Other studies of smoking and cancers of the lung and the bladder have shown a similar leveling of risk for smoking more than 20-40 cigarettes per day (17) (18) (19) . One explanation is that excess risk (not log risk) increases linearly. From Figure 1 , the hazard ratio associated with 20 cigarettes per day is about 2.7 (exp(1.0)), whereas the hazard ratio associated with 40 cigarettes per day is about 4.5 (exp(1.5)). Thus, the excess risks are 1.7 and 3.5, respectively, rising in approximately linear fashion. Biologic hypotheses for the observation include that heavy smokers may inhale less deeply. Another possibility is that the estimated relation is distorted by reporting error. If persons not smoking or smoking with low intensity were to report more accurately than persons smoking with moderate to high intensity, then an underlying linear relation could appear as in Figure 1 .
The effects of smoking on lung cancer risk have been studied extensively. Doll and Peto (20) proposed a model Smoking History and the Risk of Warthin's Tumor 1183 based on a multistage theory of carcinogenesis that was fit to aggregated data on lung cancer mortality from the British Doctors Study (21) . They concluded that duration of smoking is more important than intensity in predicting lung cancer risk; this was verified in later studies (19, 22, 23) . Our finding that duration of smoking is more influential than intensity on Warthin's tumor risk agrees with the lung cancer literature. Meza et al. (24) assessed the effects of smoking and smoking cessation on lung cancer incidence. They found that, after smoking cessation, lung cancer risk decreased over a period of 15-25 years. For each level of smoking duration and intensity, earlier age at quitting was associated with a lower risk. Leffondré et al. (14) also found a decrease in lung cancer risk over a period of 15-25 years following smoking cessation. On the basis of a large, randomized trial of lung cancer prevention, Bach et al. (25) estimated that lung cancer risk decreases only for the first 5 years after smoking cessation. Our inference that time since cessation of smoking is important in Warthin's tumor risk agrees largely with the data for lung cancer.
This study is, to our knowledge, the first to investigate the relation between smoking history and Warthin's tumor risk using time-dependent variables. We find that, as with lung cancer, duration of smoking is a strong risk factor, but that the risk appears to decrease considerably following smoking cessation.
